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ProvenanceAn integrated provenance analysis based on sandstone petrography, distribution of REE and trace ele-
ments, and U/Pb detrital zircon dating of Carboniferous sedimentary rocks of northern Verkhoyansk
Fold and Thrust Belt (FTB) provides new insights into the tectonic evolution of NE Siberia. According to
petrographic and geochemical data, Lower Visean sandstones had local provenance that contained mafic
magmatic rocks. Wide distribution of ca. 2075 Ma detrital zircons known in the basement of neighboring
Olenek and Ust’-Lena uplifts supports local provenance of the Lower Visean sandstones. Starting from Late
Visean, clastic sediments have geochemical and petrographic compositions that are characteristic for ero-
sion predominantly felsic rocks in a more remote source region. Detrital zircon age distributions in the
Upper Visean – Upper Carboniferous sandstones, point to Taymyr – Severnaya Zemlya FTB and Central
Asian Orogenic Belt (CAOB) as the most likely provenances for clastic rocks. However, wide distribution
of Neoproterozoic and early Paleozoic detrital zircons that are not typical for synchronous
CAOB-derived clastic rocks in the West Verkhoyansk, provide evidence for other than CAOB source area.
We infer that the most likely source for Neoproterozoic – early Paleozoic detrital zircons in the Upper
Visean – Upper Carboniferous sandstones is the Taimyr-Severnaya Zemlya FTB. The shift to sources from
the Taimyr-Severnaya Zemlya FTB suggests an earlier (Late Visean) age for the collision between Kara ter-
rane and Siberia than has been previously assumed (Late Carboniferous – Permian). Our paleogeographic
restoration reveals the existence of two major fluvial systems draining eastward across the Siberian Craton
during the Carboniferous: the Paleo-Lena in the south and the Paleo-Khatanga in the north.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
The number of detrital zircon U/Pb studies has increased dra-
matically in the past years, providing new constraints on the pale-
ogeographic and tectonic evolution of sedimentary basins and
their flanking continents. However, only a few U/Pb detrital zircon
studies have been carried out on the Paleozoic and Mesozoic suc-
cessions of Siberia (Miller et al., 2006; Prokopiev et al., 2008;
Miller et al., 2013; Harris et al., 2013).
This paper presents a provenance study of Carboniferous clastic
strata deposited along the northern part of the Verkhoyansk pas-
sive margin of the Siberian continent (Figs. 1 and 2 show location
of study). Preliminary data on the provenance of these sediments,
based primarily on U/Pb dating of detrital zircon populations, were
presented in Ershova et al. (2013) and Prokopiev et al. (2013). Herewe use an integrated provenance approach, including whole-rock
geochemistry and sandstone petrography combined with the
U/Pb age distributions of detrital zircon populations. This more in
depth study helps refine the nature of sediment source regions
and leads to implications about the tectonic setting of both the
sedimentary sequences studied as well as their surrounding
landmasses.
The study area is located on the northeastern margin of the
Siberian Craton in the Kharaulakh Anticlinorium (a northern seg-
ment of the Verkhoyansk FTB) near the Lena Delta and town of
Tiksi (Figs. 1 and 2). The Siberian Craton forms the northeastern
portion of the Eurasian plate and is bounded on all sides by fold
belts of varying age, mainly the result of terrane accretion along
the margins of Siberia during the Phanerozoic. The Verkhoyansk
FTB was formed during the late Mesozoic collision of the
Kolyma-Omolon Superterrane with the Siberian Craton (Parfenov,
1991). The Kharaulakh Anticlinorium consists of deformed
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Fig. 1. Map of cratons and orogenic belts of Northeast Asia (modified from Parfenov et al., 2003, 2009).
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40 V.B. Ershova et al. / Journal of Asian Earth Sciences 109 (2015) 38–49Paleozoic – Upper Jurassic clastic strata deposited along the north-
eastern passive margin of Siberia are known as the Verkhoyansk
Complex (e.g. Prokopiev et al., 2001 and references therein).
Deposition of the Verkhoyansk Complex occurred in a set of
delta-submarine fan systems related to craton-wide rivers and
detrital zircons from the upper Paleozoic – Upper Jurassic sedi-








































Fig. 2. a – Simplified geological map (after Pogrebitsky, 1998; Malich, 1999, modified)
stratigraphic section: 1 – the right bank of Lena R. near Kubalakh creek mouth (09AP4
09AP73/1); 4 – Krest-Tumsa Cape (09AP55/1); 5– Tiksi Bay (07AP02).Siberian Craton and surrounding fold belts (Prokopiev et al.,
2008; Ershova et al., 2013; Prokopiev et al., 2013).
2. Overview of stratigraphy
The basement of the Siberian Craton comprises a collage of







































Location and number of






; b – Lena Delta (Google map). Location of U/Pb detrital zircon sampling sites and
4/1); 2 – Khanchochun-Kysam locality; 3 – Krest-Tumsa Cape (07AP67, 09AP60/1,
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from 2.4 to 2.0 Ga (Rozen, 2003; Smelov and Timofeev, 2007).
These terranes were amalgamated to form the Siberian Craton at
2.0–1.9 Ga. Younger ca. 1.9–1.8 Ga age rocks are also documented
in the Siberian Craton basement and are most widespread in its
southern part (Smelov and Timofeev, 2007).
The oldest sedimentary strata deposited in northeastern Siberia
are Meso- and Neoproterozoic in age and overlie metamorphosed
Archean-Paleoproterozoic basement with a significant hiatus. The
Meso- and Neoproterozoic sedimentary succession contains
numerous unconformities and is dominated by clastic rocks,
although some thick carbonate units are also present (Prokopiev
et al., 2001; Khudoley et al., 2015). The total thickness of the
Mesoproterozoic succession varies from 400 m to more than
2000 m. The uppermost Neoproterozoic part of the succession
unconformably overlies various older Meso- and Neoproterozoic
units as well as the Paleoproterozoic-Archean basement in the
region of the Olenek Uplift and Anabar Shield. Uppermost
Neoproterozoic sediments are also mainly clastic at their base




















































































Fig. 3. Composite stratigraphic sections of the Lower Carboniferous rocks of the Kharau
from Abramov and Grigorieva, 1986; Ershova et al., 2013; Prokopiev et al., 2013; Er
Khanchochun-Kysam locality (see location in Fig. 2).the succession. The thickness of the uppermost Neoproterozoic
deposits varies from 300 to 400 m across the study area. The
Cambrian successions of northern and northeastern Siberia are
mostly carbonate rocks deposited in an epeiric sea, reaching a
maximum thickness 600–700 m (Prokopiev et al., 2001).
Sedimentary rocks of Ordovician and Silurian age have a patchy
distribution in the study area. The most complete section, compris-
ing several hundred meters of dark grey and black clayey lime-
stones, is penetrated by the Ust’-Olenek-2370 well located near
the mouth of the Olenek River (Fig. 2a) (Grausman, 1995).
Ordovician and Silurian rocks have also been described from a
small fault-bounded unit in the northernmost part of the
Kharaulakh Anticlinorium, and are found as pebbles in Visean con-
glomerate in the northwestern part of the anticlinorium (Bogush
et al., 1963; Mezhvilk, 1956).
Lower Devonian strata have not been described from northeast-
ern Siberia but Middle to Upper Devonian rocks are exposed at sev-
eral locations in the western part of the Kharaulakh Anticlinorium
and on a number of islands in the Lena River Delta (Menner and


































































































































lakh anticlinorium showing stratigraphic setting of the studied samples (compiled
shova et al., 2014 modified). Sections: a – Krest-Tumsa Cape, b – Tiksi Bay, c –
42 V.B. Ershova et al. / Journal of Asian Earth Sciences 109 (2015) 38–49Devonian strata are represented by dolostones and dolomitized
limestones, with interbedded sandstone in the upper part of the
succession. Frasnian age basalt flows with a total thickness of up
to 300 m occur in the middle part of the succession and are corre-
lated with a middle Paleozoic (Late Devonian – Early
Carboniferous) mafic magmatic and rifting event that affected
the northeastern margin of Siberia (Prokopiev et al., 2001;
Ershova et al., 2014).
The Carboniferous deposits, which are the focus of this study,
are discussed in greater detail. Six formations are recognized: the
Bastakh, Krestyakh, Sokol, Atyrdakh, Tiksi, and Tugasir formations
(Figs. 2 and 3) (Abramov and Grigorieva, 1983, 1986).
The Bastakh Formation (Tournaisian) comprises a succession
of bioclastic limestones with chert nodules up to 200 m thick,
which conformably overlie Upper Devonian carbonates (Abramov
and Grigorieva, 1986). In the studied section, the thickness of the
Bastakh Formation was measured as 120 m.
The Krestyakh Formation (Lower Visean) is mapped only in
the northernmost part of the Kharaulakh Anticlinorium
(Krest-Tumsa Cape and along Bykov Channel of the Lena River
Delta (Fig. 2), comprising up to 300 m of mainly coarse to medium
grained sandstone interbedded with conglomerates (Bulgakova,
1967; Ershova et al., 2014).
The Sokol Formation (Upper Visean) is mapped only on the
Krest-Tumsa Cape where it conformably overlies the Krestyakh
Formation (Fig. 2). The formation is represented mainly by coarse
to medium grained sandstones at its base, grading upwards to silt-
stones and shale at the top of the succession. The total thickness of
the formation in the study area is estimated as 150–200 m.
The Atyrdakh Formation (Visean) is age equivalent to both the
Krestyakh and Sokol formations and is widely distributed across
the Kharaulakh Anticlinorium. The lower part of the succession is
represented by chert up to 40 m thick, which is overlain by a
150–200 m thick unit of interbedded sandstones, siltstones and
shales.
The Tiksi Formation (uppermost Visean – Serpukhovian) com-
prises a succession of shales with occasional thin sandstone and
siltstone beds with a total thickness that varies from 600 to
900 m (Abramov and Grigorieva, 1986). In the studied section,
the thickness of the Tiksi Formation varied from 550 to 700 m.
The Tugasir Formation (Middle-Upper Carboniferous) is repre-
sented by a succession of shales, siltstones and sandstones with a
total thickness of up to 1 km (Abramov and Grigorieva, 1983). In















Fig. 4. Sandstone petrography. A – QFL diagrams after Pettijohn et al., 1987; B – Dickinson
300 grains were counted and categorized.3. Sandstone petrography
Twenty thin sections were point-counted using the
Gazzi-Dickinson method (Gazzi, 1966; Dickinson, 1970; Ingersoll
et al., 1984). The complete results of these analyses are presented
in Supplementary Table 1 and in Fig. 4 and are summarized below.
3.1. Krestyakh formation
Sandstones of the Krestyakh Formation are defined as poorly
sorted lithic arkoses and sublitharenites, with an overall average
composition of quartz (Q) 55%, feldspar (F) 21% and lithic (L) 24%
fragments (Fig. 4a). Quartz grains are the most abundant con-
stituent, comprising 38–67% of the population. Monocrystalline
quartz predominates but polycrystalline quartz grains are present
in minor amounts, comprising only 1–2% of the quartz grains.
Feldspar constitutes 16–29% of the framework grains and varies
significantly in shape and size.
Lithic fragments comprise 16–39% of the grains and are mostly
medium- or coarse-grained, sub-rounded, rounded to angular.
Shale and carbonate lithic fragments are the most typical.
Carbonate grains constitute 90–95% of the total lithic grains, while
shale clasts are rare and constitute no more than 1–2% of the total
lithic grains. In addition, mafic volcanic rocks and schist comprise a
few percent of the total lithic fragments.
3.2. Sokol formation
Sandstone of the Sokol Formation is similar in composition to
the Krestyakh Formation, with an overall average composition of
quartz (Q) 55%, feldspar (F) 26% and lithic (L) 19% fragments
(Fig. 4a). Quartz comprises 42–65% of the rock’s framework grains,
which are represented mainly by monocrystalline quartz grains.
Feldspar comprises 12–30% of the grains. Both quartz and feldspar
grains are sub-angular to sub-rounded. Lithic grains are largely
composed of rounded to sub-angular fragments of volcanic rocks
(mainly basalts) and fragments of sedimentary rocks (mainly car-
bonates with rare shale).
3.3. Tiksi formation
Sandstones of the Tiksi Formation are very fine-grained arkoses
with an overall average composition of quartz (Q) 59%, feldspar (F)































et al., 1983. Q – quartz; F – feldspar, L – lithic fragments. For each sample more than
V.B. Ershova et al. / Journal of Asian Earth Sciences 109 (2015) 38–49 43underlying sandstones, the arkoses have fewer lithic fragments.
The grains range from sub-angular to sub-rounded.3.4. Tugasir formation
Most sandstones within the Tugasir Formation are subarkoses,
with grains consisting of quartz (Q) 70%, feldspar (F) 27% and lithic
(L) 3% fragments (Fig. 4a). The lithic fragments are composed pre-
dominantly of carbonate and schist. The sandstones are fine- to
medium-grained, ranging from moderately to well sorted and
dominated by sub-angular to sub-rounded grains.100
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According to McLennan et al. (1993, 2003) geochemical
approach is important in provenance studies as key trace element
ratios are sensitive in identifying minor components that are not
readily recognized petrographically, but are characteristic for
provenance composition. Whole-rock geochemistry was deter-
mined for nine samples from the Krestyakh Formation, three sam-
ples from the Sokol Formation, three samples from the Tiksi
Formation, and eight samples from the Tugasir Formation.
Chemical studies were done at the All Russian Geological
Research Institute (VSEGEI) in St. Petersburg. Whole-rock major
element concentrations were determined by XRF method using
ARL 9800 spectrometer, whereas trace and rare earth elements
(REE) were determined by Inductively Coupled Plasma–Mass
Spectrometry (ICP–MS) using an Optima 4300DV emission spec-
trometer and an ELAN 6100 DRC mass spectrometer. The measured
concentrations of major, trace and REE elements are listed in
Supplementary Table 2. All measured concentrations are far above
detection limits, with analytical uncertainties of less than 5% for
major elements and 4–10% for trace and rare earth elements
except for Ni, which has an uncertainty of 15%. Specific elements
and their ratios (REE, Th, Sc, Zr, Co) are selected in accordance with
approach by McLennan et al. (1993, 2003). However, very high
variation of L.O.I. (from 1.75% to 26.4%) makes interpretation of
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Fig. 5. Zr/Sc versus Th/Sc diagram. The Th/Sc ratio is a sensitive indicator of igneous
chemical differentiation processes because Th is an incompatible element whereas
Sc is compatible. The Zr content reflects the abundance of heavy minerals, notably
zircon, and therefore is used as a proxy for sedimentary sorting and recycling
(McLennan et al., 1993, 2003). Average compositions of the upper continental crust
(UCC) and Mesozoic – Cenozoic andesite and basalt are from Condie (1993).Although variations of both Th/Sc and Zr/Sc ratios are not very
significant, samples from different formations occupy different
fields on the diagram (Fig. 5). All samples from the Krestyakh
Formation have the lowest Th/Sc ratios and are located in a small
field. Alternately, sediments of the Tiksi and Tugasir formations
have similar Th/Sc ratios but variable Zr/Sc ratios. The Sokol
Formation samples show transitional patterns between samples
from Krestyakh and Tiksi and Tugasir formations.
Significant differences are between the REE distributions in
clastic rocks of the Krestyakh Formation and the Tiksi and
Tugasir formations, while deposits of the Sokol Formation show
intermediate characteristics (Fig. 6). The clastic rocks of the
Tugasir and Tiksi formations are characterized by LREE enrichment
with average (La/Lu)n ratio of 9.7 and 8.6. Average values of the Eu
anomaly range from 0.59 to 0.66 for the Tiksi and Tugasir forma-
tions respectively. By contrast, clastic rocks of the Krestyakh10














Fig. 6. Rare earth element distribution of studied samples (chondrite normalized
after Taylor and McLennan, 1985). A – Krestyakh Formation, B – Sokol, Tiksi and
Tugasir formations. Eu/Eu⁄ is Europium anomaly, where Eu is measured concen-
tration of Europium, and Eu⁄ is its theoretical concentration calculated as geometric
mean of Sm and Gd concentrations assuming no chondrite-normalized Eu anomaly
(Condie, 1993). (La/Lu)n is chondrite normalized ratio of La to Lu concentrations
and shows enrichment of light REE over heavy REE. REE distribution is sensitive to
the composition of igneous rocks in provenance and these elements are least
affected by sedimentary or post-depositional processes (Taylor and McLennan,
1985; McLennan, 1989). Both (La/Lu)n and Eu/Eu⁄ varies greatly in magmatic rocks,
but in felsic rocks (La/Lu)n is higher than in mafic rocks, whereas Eu/Eu⁄ is higher in

















Fig. 7. La/Sc versus Co/Th diagram shows ratios between compatible and incom-
patible elements that are sensitive to igneous chemical differentiation processes
and represent composition of rocks in provenance (Taylor and McLennan, 1985;
Khudoley et al., 2001; Gu et al., 2002). Average compositions of upper continental
crust (UCC), Phanerozoic granite and Mesozoic – Cenozoic basalt are from Condie
(1993).
44 V.B. Ershova et al. / Journal of Asian Earth Sciences 109 (2015) 38–49Formation show relatively low LREE enrichment with an average
(La/Lu)n ratio of 7.1 and Eu anomaly of 0.77.
All but one of the samples from the Krestyakh Formation has a
Co/Th ratio that is significantly higher than that of the Tugasir
Formation (Fig. 7). Samples from Sokol and Tiksi formations occupy
fields transitional between those of Krestyakh and Tugasir forma-
tions. Samples from all formations have quite close values of
La/Sc ratio.5. Detrital zircon U–Pb geochronology
Geochronological studies were carried out on six samples col-
lected at three localities within the northern part of the
Kharaulakh Anticlinorium (Figs. 2 and 3). Four samples (07AP67
from Krestyakh Formation, 09AP60/1 from Sokol Formation,
09AP73/1 from Tiksi Formation and 09AP55/1 from Tugasir
Formation) were collected at Cape Krest-Tumsa. Sample 07AP02
(Tiksi Formation) was collected from an outcrop along Tiksi Bay;
and sample 09AP44/1 (Tugasir Formation) was collected on the
right bank of the Lena River near the mouth of Kubalakh Creek
(Fig. 2).
Samples were crushed and heavy minerals were concentrated
using standard techniques at the Institute of Precambrian
Geology RAS and Diamond and Precious Metal Geology Institute
SB RAS. The zircon grains were mounted in epoxy and polished.
U/Pb analyses of samples 09AP44/1, 09AP55/1, 09AP60/1,
09AP73/1 were carried out by the Apatite to Zircon, Inc. Material
for samples 07AP02 and 07AP67 were supplied by A.V. Prokopiev
to E.L. Miller at Stanford University and analyzed at the
LaserChron Center supervised by G. Gehrels. Data tables and a
description of analytical procedures are provided in
Supplementary Tables 3a, b and accompanying text. At least 100
grains were selected for analysis in a random fashion in each sam-
ple. 207Pb/206Pb ages are reported for zircons > 1.0 Ga s and
206Pb/238U ages for zircons 6 1.0 Ga. Following Gehrels (2012),
only analyses with discordance between 30% and 10% were used
for interpreting the data. Detrital zircon age information is shown
on probability density plots in Fig. 8. The majority of detrital zir-
cons from the studied samples exhibit low U/Th ratios, indicating
a magmatic source (Gehrels et al., 2008) (Fig. 9). Magmatic originof most zircons makes possible to correlate them with age of mag-
matic rocks for provenance interpretation.
5.1. 07AP67 (Krestyakh Formation)
Sixty percent of all analyzed grains are Precambrian in age, with
the oldest Archean grains dating from 3.2 to 2.5 Ga and forming a
minor peak at 2.55 Ga (Fig. 8). Paleoproterozoic grains contribute
52% of the total population and form a major peak at 2075 Ma.
The Paleozoic grains are grouped around three peaks at ca. 400,
390 and 365 Ma.
5.2. 09AP60/1 (Sokol Formation)
Forty-five percent of the dated grains are Precambrian in age
(Fig. 8). The few Archean grains are grouped around 2500 Ma,
while Paleoproterozoic grains contribute 20% of the total popula-
tion and form a major peak at 1875 Ma. Neoproterozoic zircons
form a peak at 810 Ma. The Paleozoic grains comprise 55% of the
total population and have three peaks at ca. 485, 360 and 335 Ma.
5.3. 09AP73/1 (Tiksi Formation)
Fifty-seven percent of the dated zircons are of Precambrian age
(Fig. 8). Archean grains comprise 9% of the total population and
range between 2600 and 2400 Ma. Paleoproterozoic zircons com-
prise 16% of the total population with most ages concentrated
between 1800 and 1900 Ma. Neoproterozoic grains are predomi-
nant and grouped in peaks at ca. 800, 705 and 610 Ma. The
Paleozoic grains are grouped in 3 major peaks at ca 470, 395 and
335 Ma. The 335 Ma peak is close to the depositional age of the
formation.
5.4. 07AP02 (Tiksi Formation)
Fifty-two percent of the dated grains are of Precambrian age
(Fig. 8). The few Archean grains are grouped around 2500 Ma,
whilst while Paleoproterozoic grains contribute 25% of the total
population and form a peak at 1985 Ma. Neoproterozoic grains
are grouped in several peaks at 830 and 755 Ma. Paleozoic zircons
comprise 48% of the total population and are grouped around 500,
385 and 345 Ma, with minor populations at ca. 520 and 420 Ma.
5.5. 09AP55/1 (Tugasir Formation)
Seventy-three percent of the dated grains are Precambrian in
age (Fig. 8). Archean grains comprise 7% of all dated zircons with
dominant ages of 2600–2500 Ma. Paleoproterozoic and
Neoproterozoic grains comprise 36% and 30% of the total popula-
tion respectively, with Paleoproterozoic zircons having a major
peak around 1850 Ma and Neoproterozoic zircons forming two
peaks at 690 and 580 Ma. Paleozoic grains are grouped in two
major populations, including Early Ordovician with a peak ca.
485 Ma, and Late Devonian – Early Carboniferous with a peak at
ca. 360 Ma.
5.6. 09AP44/1 (Tugasir Formation)
The sample is dominated by Precambrian zircons (72%) (Fig. 8).
Archean age grains range from 3200 to 2500 Ma, making up 11% of
all dated grains. Paleoproterozoic grains (27%) form a distinct peak
around 1835 Ma. Neoproterozoic grains (34%) are grouped in two
populations with peaks at 800 and 625 Ma. Paleozoic zircons form
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Fig. 8. Histograms and normalized age probability plots for studied samples.
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6.1. Provenance interpretation
The provenance interpretation presented here is based on U–Pb
detrital zircon data which provides information on the age of mag-
matic rocks in the source region, and on petrographic and geo-
chemical studies which provide information on the composition
of rocks in source region.The most contrasting geochemical and petrographic character-
istics are those from sandstones from the Krestyakh versus those
from the Tiksi and Tugasir formations. Sandstones from the Tiksi
and Tugasir formation have the highest Th/Sc and (La/Lu)n ratios
and Eu anomalies (Figs. 5 and 6), typical of clastic rocks eroded
from predominantly felsic rocks. Their location in the transitional
continental field on the Dickinson et al. (1983) diagram (Fig. 4b)
supports predominant erosion of felsic rocks. In contrast, sand-
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Fig. 9. U/Th ratios indicating the magmatic source for most zircons (U/Th < 3, after





















Fig. 10. Comparison of relative age probability distributions: a – Taimyr and
Severnaya Zemlya magmatic rock (Pease and Scott, 2009; Pease et al., 2001;
Vernikovsky et al., 2001; Zakharov et al., 1993; Vernikovsky et al., 2004;
Vernikovsky, 1996; Pease and Vernikovsky, 1998; Lorenz et al., 2007); b – Taimyr
and Severnaya Zemlya detrital zircon (Pease and Scott, 2009; Lorenz et al., 2008); c
– detrital zircons from Upper Carboniferous sample from West Verkhoyansk
(Prokopiev et al., 2008); d – detrital zircons from Carboniferous deposits of North
Verkhoyansk passive margin (this study).
46 V.B. Ershova et al. / Journal of Asian Earth Sciences 109 (2015) 38–49(La/Lu)n ratios and Eu anomalies (Figs. 5 and 6) likely pointing to
increasing erosion of mafic rocks. Occurrence of rare mafic volcanic
clasts in sandstones from the Krestyakh Formation supports this
interpretation. Sandstones from the Sokol Formation typically
occupy a transitional field between those of sandstones from the
Krestyakh and those of the Tiksi and Tugasir formations.
The U–Pb detrital zircon’s ages from Krestyakh sandstones
show a wide range of Paleoproterozoic grains with a major peak
at 2075 Ma. Close in age basement rocks have been reported from
the Ust’-Lena and Olenek uplifts showing possible location of local
provenance for sandstones from the Krestyakh Formation
(Prokopiev et al., 2007; Wingate et al., 2009). The second largest
population of Devonian detrital zircons has ages similar to those
of magmatic rocks that are attributed to middle Paleozoic rifting
affected eastern margin of Siberia (Gaiduk, 1988; Prokopiev et al.,
2001). The low Zr/Sc ratios and occurrence of unstable mafic vol-
canic lithic clasts in both sandstones and conglomerates of the
Krestyakh Formation sandstones (e.g. Prokopiev et al., 2013;
Ershova et al., 2014) suggests they are likely to have been derived
from local uplifts which would have resulted in weathering of a
Proterozoic-Lower Carboniferous (Tournaisian) predominantly car-
bonate succession with interlayered units of Devonian basalt,
explaining both the abundance of carbonate grains and presence
of mafic volcanic rock fragments in the sandstones of the
Krestyakh Formation.
A notable shift in the location of the provenance area occurred
in the Late Visean. Our results suggest that the Sokol, Tiksi and
Tugasir formations illustrate significantly different provenance sig-
natures compared to the Early Visean clastics of the Krestyakh
Formation. The sandstone petrographic analyses reveal decreasing
proportions of unstable lithic grains upwards in the Carboniferous
section. Sandstones from the Tiksi and Tugasir formations have
similar Th/Sc, La/Sc and Co/Th ratios showing that they were
derived from rocks of similar composition (Figs. 5 and 7).
However, the variations in their Zr/Sc ratios, show increasing influ-
ence of sedimentary recycling or sorting on the sandstone compo-
sition (Fig. 5). According to McLennan et al. (1993, 2003), both
sedimentary sorting and recycling result in an enrichment of heavy
minerals like zircon and a correspondent increase in Zr/Sc ratios.
However, significant differences in the U–Pb detrital zircon age dis-
tributions of the Tiksi and Tugasir Formations suggest that it is
unlikely that they contain significant portions of recycled
Krestyakh Formation sandstones. Therefore, we infer that increas-
ing of Zr/Sc ratio in sandstones from the Tiksi and Tugasir forma-
tions reflect longer transport and sedimentary sorting rather than
recycling. Thus, geochemical data suggest a longer sediment trans-
port distance from source to sink, although some sediment rework-
ing may occur as well.The distribution of detrital zircon ages from the Sokol, Tiksi and
Tugasir formations sandstones is quite similar. The 1.8–1.85 Ga
Paleoproterozoic ages are prevalent which differs from the sand-
stones of the Krestyakh Formation. Although rocks of this age are
known within the basement rocks of the Anabar Shield (Gusev
et al., 2013) they are more widespread across the southern and
southwestern margins of Siberian Craton (Smelov and Timofeev,
2007; Prokopiev et al., 2008). The diagnostic feature of the Upper
Visean – Upper Carboniferous samples is that they contain a signif-
icant proportion of Neoproterozoic-Paleozoic aged zircons, clearly
pointing to a provenance outside of the Siberian Craton. Close in
age Neoproterozoic and Paleozoic magmatic rocks are abundant
in Taimyr-Severnaya Zemlya FTB (Fig. 10a and b) (Vernikovsky,
1996; Vernikovsky and Vernikovskaya, 2001; Vernikovsky et al.,
2004; Lorenz et al., 2007, 2008) and CAOB (Vernikovsky et al.,
2004; Windley et al., 2007; Safonova et al., 2011; Rudnev, 2013;
Glorie et al., 2011, 2014; Kröner et al., 2014; Rohas-Agramonte
et al., 2011, 2014), extending along the northern and southern
margins of Siberia respectively and showing possible source
regions.
Furthermore, the CAOB was considered previously as a prove-
nance area for upper Paleozoic-Jurassic samples collected further
south along the Verkhoyansk passive margin (Prokopiev et al.,
2008). A comparison of our Upper Visean – Upper Carboniferous
samples with an Upper Carboniferous sample dated previously
V.B. Ershova et al. / Journal of Asian Earth Sciences 109 (2015) 38–49 47by Prokopiev et al. (2008) shows a significant difference in
the detrital zircon age distribution (Fig. 10c and d). Both sample’s
dataset have a 1800–1850 Ma population and Late
Devonian-Carboniferous grains. However, the Neoproterozoic and
early Paleozoic zircons, which contribute up to 80% of the popula-
tion in our samples (Fig. 8), contribute less than 8% in the Upper
Carboniferous sample of Prokopiev et al. (2008). The
Neoproterozoic signature with peaks at 600–650 and 700–
750 Ma is very strong in our samples from the northern part of
the Verkhoyansk passive margin, yet would appear to be absent
from rocks of the same age further south along the passive margin
(Fig. 10c). We interpret these differences in zircon age distributions
to reflect different provenances for the Upper Visean-Upper
Carboniferous clastics deposited along the northern and central
parts of the Verkhoyansk passive margin of Siberia respectively.
The key issue involved with the identification of the provenance
area for the Upper Visean – Upper Carboniferous deposits is to
locate the source of the Neoproterozoic and Paleozoic zircons.
Paleozoic ages are also reported as both detrital grains and
magmatic ages from Taimyr and Severnaya Zemlya (Lorenz et al.,
2007, 2008; Pease and Scott, 2009). The 475–490 Ma (Early
Ordovician) intrusive and volcanic rocks, along with Early
Carboniferous granites, have been studied from October
Revolution Island in the northern part of the Kara terrane (part
of the Taimyr-Severnaya Zemlya FTB) (Lorenz et al., 2007;
Makariev, 2013). Therefore, a suite of Neoproterozoic-middle
Paleozoic rocks exposed on the Taimyr Peninsula and Severnaya
Zemlya could represent the source for the Neoproterozoic and
Paleozoic zircons observed in the studied samples from the




































Fig. 11. Provenance restoration: a – Early Visean. b – Late Visean – Late Carof 1800–1850 Ma zircons within dated samples also show a possi-
ble contribution clastics from the western and southwestern mar-
gins of Siberia.
6.2. Paleotectonic implication
Thus, we suggest that the most likely provenance areas for the
studied Upper Visean – Upper Carboniferous succession were
located within the Taimyr-Severnaya Zemlya FTB and CAOB. A
number of previous studies have concluded that collision between
the Kara terrane and Siberian Craton occurred in the Late
Carboniferous-Permian (Metelkin et al., 2005; Cocks and Torsvik,
2007). The Kara terrane comprises Severnaya Zemlya
Archipelago, Northern Taimyr and adjacent regions of Kara Sea
and interpreted as a separate tectonic block in the Paleozoic
(Metelkin et al., 2005; Cocks and Torsvik, 2007). However, syncol-
lisional Early Carboniferous granites (342–343 Ma) present on
Severnaya Zemlya archipelago (Lorenz et al., 2007) and reported
from northern Taimyr and adjacent islands (ages range from 317
to 344) (Makariev, 2013) suggesting that collision between Kara
terrane and Siberia may have occurred earlier. These granites could
be a potential source of the Carboniferous zircons, which are
roughly coeval with the age of our Upper Visean – Upper
Carboniferous formations (Fig. 8). The distribution of detrital zir-
cons from the studied Carboniferous deposits shows that the
Kara terrane and Taimyr are very likely candidates for the
Neoproterozoic and Paleozoic zircons. Therefore we suggest that
collision between Siberia and the Kara terrane took place in the
Late Visean, and that this newly formed orogen was the important



































Inferred river systems transporting clastic material
ZFTB – Taimyr-Severnaya Zemlya Fold and Thrust Belt
PCM – Verkhoyansk passive continental margin
b
boniferous (after Ershova et al., 2013; Prokopiev et al., 2013 modified).
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Sediment transport pathways during the Carboniferous across
Siberia were controlled by several main physiographic features.
Firstly, sparse data about Carboniferous rocks to the west from
Siberian Craton point to the existence of a marine basin to the west
of the Siberian continent during Early-Middle Carboniferous time
(Yolkin et al., 2001). Secondly, a passive margin (the
Verkhoyansk passive margin) existed along the eastern margin of
the Siberian continent (Parfenov, 1991; Prokopiev et al., 2001).
Thirdly, the Vilyui Depression formed as a result of Late
Devonian rifting (Gaiduk, 1988) and represented a major depocen-
tre for sediments supplied from southern Siberia and the surround-
ing fold belts.
Thus the studied deposits formed in the northeastern passive
margin of Siberia and sediments could have been transported only
by relatively big river system flowing down from western part of
the continent. Studies done on modern river systems such as those
by Amidon et al. (2005a, 2005b) on modern Himalayan rivers, by
Craddock and Kylander-Clark (2013) on Tertiary Mississippi River
Delta, Safonova et al. (2010) on modern Amur and Yenisey rivers,
etc., show a multiple mixing of sediments for river systems drain-
ing huge regions. We suggest that our U/Pb data point to existence
of large Carboniferous river systems within the Siberia continent
that drained multiple distal provenance areas.
According to Prokopiev et al. (2008), the Paleo-Lena River flo-
wed along the axis of the Vilyui Depression, transporting sedi-
ments from southwestern Siberia and CAOB to the central part of
the Verkhoyansk passive margin. From the results of this study,
we propose that another major fluvial system (the
Paleo-Khatanga) was the main sediment transport pathway along
the part western and northern part of Siberia, transporting sedi-
ments to the northern part of the Verkhoyansk passive margin
(Fig. 11b).7. Conclusions
Data presented here suggest a change in provenance across the
Early Visean – Late Visean boundary within the northeastern mar-
gin of Siberia. This change is interpreted as a shift from sources
within the basement of the Siberian craton and other local sources
to a more distal provenance outside of the Siberian Platform
(Fig. 11).
Based on the zircon ages, we suggest that the most likely prove-
nance areas for the studied Late Visean – Late Carboniferous suc-
cession were located within the Taimyr – Severnaya Zemlya FTB,
southwest of Siberia and CAOB. The indication that the Kara ter-
rane is a source region suggests the timing of collision between
Kara and Siberia should be placed at the Late Visean that earlier
than it was previously assumed (Late Carboniferous – Permian).
Our paleogeographic model illustrates the existence of at least
two major fluvial systems draining eastward across Siberia during
the Carboniferous: the Paleo-Lena in the south and the
Paleo-Khatanga in the north. A newly formed fold belt along the
northern margin of Siberia formed the main watershed for the
Paleo-Khatanga, which could also possibly have had a tributary
system that carried sediments from the southwestern margins of
Siberia and the CAOB. The Paleo-Khatanga River was therefore
the main conduit supplying sediments to the northern part of the
Verkhoyansk passive margin.Acknowledgements
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